Abstract The objective of this study was to improve the growth of in vitro shoot cultures of Brugmansia×candida 'Creamsickle'. Several mineral nutrient experiments were conducted to determine the effect of :K + ratios than MS medium. The experiments to determine the appropriate levels of Fe, Zn, Mn, and Cu were conducted at six log levels ranging from 0 to 1 mM. Of the four metal salts tested, MnSO 4 had the least effect on in vitro shoot growth and its concentration was reduced from 0.1 mM (MS level) to 0.001 mM. CuSO 4 had large effects on in vitro shoot growth and was increased from 0.0001 mM to 0.001 mM. A 2-level factorial of NH 4 + -K + -NO 3 − , FeSO 4 /EDTA, and 
− experiment revealed a region in the design space where growth was significantly improved; the region generally had lower total nitrogen and lower NH 4 + :K + ratios than MS medium. The experiments to determine the appropriate levels of Fe, Zn, Mn, and Cu were conducted at six log levels ranging from 0 to 1 mM. Of the four metal salts tested, MnSO 4 had the least effect on in vitro shoot growth and its concentration was reduced from 0.1 mM (MS level) to 0.001 mM. CuSO 4 had large effects on in vitro shoot growth and was increased from 0.0001 mM to 0.001 mM. A 2-level factorial of NH 4 + -K + -NO 3 − , FeSO 4 /EDTA, and ZnSO 4 was conducted and several formulations identified for their improvements of quality and growth. In addition to the changes to MnSO 4 and CuSO 4 , these formulations were characterized by lower levels of NH 4 + , K
Introduction
The genus Brugmansia (i.e., Angel's Trumpet) includes seven species in two sections, Brugmansia and Sphaerocarpium; species are cross-compatible within a section but not between sections (Hay et al. 2011; International Brugmansia and Datura Society 2011) . Section Brugmansia includes four species-B. aurea, B. insignis, B. suaveolens, and B. versicolor; it includes various unclassified interspecific hybrids, as well as the botanically named Brugmansia×candida (B. aurea×B. versicolor). Section Sphaerocarpium includes three species-B. arborea, B. sanguinea, and B. vulcanicola; it includes various unclassified hybrids as well as the botanically named Brugmansia× flava (B. arborea×B. sanguine; syn. B. × flava). Brugmansia is native to South America and can tolerate an average minimal temperature of −3.9 to −6.6 C equivalent to USDA Hardiness Zone 9 (Preissel and Preissel 2002) . Brugmansia are popular ornamental plants because of their spectacular trumpet-shaped flowers that vary in size, color, and scent. In addition, they and the closely related Datura genus produce tropane alkaloids important for chemotaxonomy (Griffin and Lin 2000) and medical pharmacology (Capasso et al 1997) . Species that produce lenticels are easily propagated by rooted cuttings; species without lenticels are propagated via air layering. Most in vitro research with Brugmansia has involved hairy root cultures for alkaloid production (Pitta-Alvarez et al 2000) with little research related to tissue culture for horticultural applications such as vegetative multiplication of rare, valuable, or difficult-to-propagate types. Of particular importance given that viruses and viroids are widespread in Brugmansia worldwide (Chellemi et al 2011; Verhoeven et al. 2007) , would be more efficient micropropagation systems for clonal propagation and maintenance of pathogen-free stocks. Bhatt et al (2004) reported the effect of in vitro propagation and cold storage of B. versicolor on shoot multiplication potential and scopolamine content. reported on the effect of BAP concentration in MS medium on shoot multiplication of B. × candida. Brugmansia shoot cultures can be multiplied on MS basal medium, but in our experience quality was relatively poor and indicative of inadequate mineral nutrition. The objective of this study was to develop a basal mineral nutrient formulation better suited for in vitro shoot growth of Brugmansia.
Materials and methods

Plant material
Plants of Brugmansia×candida 'Creamsickle' (Hay et al 2011; herein referred to as B. 'Creamsickle') were obtained from Native Habitat (Vero Beach, Florida, USA). Shoot cultures were initiated from greenhouse grown mother stock plants grown with standard horticultural practices. Cultures were initiated from lateral buds and shoot tips dissected to about 5 mm to 10 mm, followed by a disinfestation protocol that began with 95 % ethanol for 1 min with agitation. After decanting the excess ethanol, the explants were placed into a solution of 0.525 % sodium hypochlorite plus two drops of Tween-20 per 100 ml with agitation. After 15 min, the sodium hypochlorite solution was decanted and the explants were rinsed with sterile water. The lateral buds and shoot tips were further dissected to about 3 mm to 6 mm tall before transferring onto the culture initiation medium. The initiation medium was MS basal medium (Murashige and Skoog 1962) , sucrose 30 g/L, myo-inositol 100 mg/L, thiamine HCl 1 mg/L, pyridoxine HCl 1 mg/L, nicotinic acid 1 mg/L, glycine 2 mg/L, BAP 1.1 μM, pH 5.7, and bacteriological agar (USB Corporation, Cleveland, Ohio, USA) 9.0 g/L. The medium was autoclaved in 500 ml volumes for 20 min at 121°C and then poured into sterile 25×100 mm flat-bottomed glass culture tubes with polypropylene caps (Magenta Corporation, Chicago, Illinois, USA) with 15 ml of medium per tube. The culture tubes containing the liquid medium were cooled in a vertical position in polypropylene racks (Magenta Corporation). Four weeks after initiation the cultures were transferred to the same medium in polypropylene capped tubes except that the BAP concentration was reduced to 0.5 μM. Thereafter, the multiplying clumps of precociously enhanced lateral buds were cultured onto ), size and weight of shoot mass, and shoot number. Quality is a gestalt ranking ranging from 1 to 3 where 1 is a culture that is readily distinguished as unacceptable and of poor quality and 3 being a culture that is readily distinguished as acceptable and high quality relative to the other treatments; a score of 2 is given if neither 1 nor 3 apply. The base formulation was comprised of MS medium (Murashige and Skoog 1962) supplemented with 0.69 μM 6-benzylaminopurine (BAP) − ) and K + were determined by an experimental approach to plant tissue culture mineral nutrition that removed ion confounding and treated pH as a dependent variable Evens 2006, 2008; Evens and Niedz 2008 O, were varied individually at 0, 0.0001, 0.001, 0.01, 0.1, and 1 μM. Lastly, several factors were selected and tested in a 2-level factorial arrangement based on combinations of the optimal levels identified for these factors.
The experimental vessel was a 25 × 100 mm flatbottomed glass tube with a polypropylene cap and 15 ml of medium. Five mm long shoot tips from multiplying clump cultures described above were cultured onto the experimental formulations with a 4 week subculture. Following the first subculture, the basal clump was recultured onto the same experimental medium in separate culture tubes for an additional 4 weeks to reduce carryover effects. Six pseudo-replicates were used per treatment. Three true replicates (i.e., each composed of six pseudoreplicates) were used to provide an estimate of pure error.
Data was collected at the end of the second 4 week subculture period.
Data analysis
The ANOVA data were the means of the six culture vessels (i.e., pseudo-replicates) that comprised each treatment. The treatment points for the NH 4 + -NO 3 − -K + experiment were selected by D-optimality criteria to sample the experimental design space. For each response, all possible models from the mean to quadratic polynomial were calculated and the highest order polynomial model where additional model terms were significant at the 0.05 level was analyzed by ANOVA. Initial model selection was based on a battery of adequacy tests (Anderson and Whitcomb 2005) . Normality and constant variance were determined graphically; a Box-Cox plot was used to choose the correct transformations (Box and Cox 1964) . Overly influential data points were identified with DFFITS and DFBETAS plots (Belsley et al 1980) . Adequate precision of the model was determined by comparing the range of the predicted values at the design points (ŷ) to the average variance (V-bar) of the prediction (Anderson and Whitcomb 2005) . Potential outlier points were checked with externally studentized "outlier-t" (Weisberg 1986; Myers 1990 ) and Cook's Distance (Cook and Weisberg 1982) 
), and predicted-R 2 (R pred 2 ), were estimated for each selected model (Myers and Montgomery 2002) . Detailed descriptions of the statistical Table 2 and a contour plot of the final medium pH response over the design space in Fig. 2 Table 4 and Fig. 3 . Three of the four models were significant at p<0.0001 with the model for shoot mass width only significant at p0 0.0003. Residual and model diagnostics were within acceptable limits for shoot number, shoot mass width, and clump weight. However, run #10 was identified as an outlier for quality and was removed from the analysis of quality. The lack-of-fit test was not significant for quality but significant for the remaining three responses. ZnSO 4 at 1 mM resulted in little to no growth and lateral shoots were stunted and chlorotic. Optimal growth lies between 0.001 and 0.1 mM (MS level). 3. MnSO 4 .4H 2 O-The effect of MnSO 4 on four growth responses is summarized in Table 5 and Fig. 3 . The models for quality and shoot clump weight had low significance at p00.0108 and p00.0269, but the R 2 values were low, indicating that the models are of little value for prediction. MnSO 4 at 0 mM resulted in growth but plants had some interveinal chlorosis, at 1 mM the plants were chlorotic. Optimal growth lies between 0.001 mM and 0.1 mM (MS level). 4. CuSO 4 .5H 2 O-The effect of CuSO 4 on the four growth responses is summarized in Table 6 and Fig. 3 . The model for each of the four growth responses was significant at p<0.0001. Residual and model diagnostics were within acceptable limits. The lack-of-fit test was significant for the quality response indicating additional curvature not accounted for in the quadratic model. CuSO 4 at 0 mM resulted in some growth but plants were chlorotic, at 0.1 and 1 mM plants were chlorotic and stunted. Optimal growth lies between 0.001 and 0.01 mM, 10 and 100 times MS levels (0.0001), respectively.
Optimization
Based on the results from the NH 4 + -NO 3 − -K + and metals experiments, eight treatments were selected from combinations of the factors (Table 7 and Fig. 4 ) with the greatest effect on growth including ZnSO 4 (0.01 and 0.1 mM), FeSO 4 /EDTA (0.25 and 0.50 mM), and NH 4 + -K + -NO 3 − (2.5-7.5-10 and 15-15-30 mM), and run in a 2-level factorial arrangement. The objective was to determine if a significant improvement in growth could be achieved. In all treatment , as opposed to their salts, as the factors to be varied; 2) fix the concentration of all other inorganic ions to their MS levels; 3) calculate the salt/acid/base formulations required to achieve the NH 4 + -K + -NO 3 − levels specified for each treatment combination using the ion/salt linear programming algorithm and the software ARS-Media (Niedz and Evens 2006) . The resulting design was thus free of ion confounding (Niedz and Evens 2006) . Proportionality and amount were incorporated into the design to separate the proportional and amount effects on growth. A detailed description of this design approach was recently reported by Niedz and Evens (2008 Shoot growth was not uniform across the experimental design space even though the pH was the same. Also, there was little relationship between growth and the final pH of the medium. The experimental design space in this study is actually a subset of points that describe a plane through an implied 3-dimensional experimental design space defined by the 3-component mixture of NH 4 + ,K + , and NO 3 − projected through an amount dimension. The resulting design geometry can be visualized as a triangular prism. Are there regions in the full experimental design space where shoots would grow as well or better than on the pH plane sampled in these experiments? Given that growth was not uniform across the plane but confined to a specific region, we cannot assume that there may not be even better regions for growth that lie above or below this plane. Sampling the larger design space would have the advantage of permitting the plants to "select" the ion nutrient combinations most suited to shoot growth without imposing a pH bias constraint. The effects of the four metals Fe, Zn, Mn, and Cu were tested from 0 to 1 mM at six log levels. Not knowing the requirements of B. 'Creamsickle' for these metal nutrients, the experiments were designed to sample a wide range in order to determine the appropriate magnitude. The assumption was made that the use of salts was reasonable for these ions because of the small amounts involved (e.g., SO 4 2− makes up 1.85 % of MS medium). It is noted that ion confounding did exist in each of these experiments per the SO 4 2− counter ion. MnSO 4 had the least effect on in vitro shoot growth of the four metals tested. MnSO 4 and CuSO 4 levels were adjusted and fixed in the optimization experiment. Because CuSO 4 was required in substantially higher levels than MS, its concentration was increased 10x. Compared to plant tissue, copper is generally in lower concentrations in plant tissue culture media and increasing Cu levels has been observed to promote better growth (Dahleen 1995; Nirwan and Kothari 2003; Kintzios et al. 2001; Nas and Read 2004; George and de Klerk 2008) . ZnSO 4 and FeSO 4 /EDTA both strongly influenced in vitro shoot growth but their effective ranges were broad enough to include in the final optimization experiment.
The final optimization experiment was composed of eight treatments in a 2-level factorial arrangement. Formulations were identified that provided significantly better in vitro shoot growth than MS. These formulations had increased Cu, reduced Mn, increased Fe, and altered NH 4 + , K + , and NO 3 − levels.
